Morphological aspects of the outgrowth of Bacillus subtilis strain w23 from heat-activated spores were examined by scanning electron microscopy. After 60 min incubation at 37 "C on agar medium, cracks appeared on the spore shells at their equatorial position and vegetative bacteria emerged by breaking open the cracks. In the following 180 min, the bacteria continued to grow without cell separation or the formation of flagella, so that, at 240 min, long filamentous forms of the vegetative bacteria were seen. Cell separation occurred at 300 min and simultaneously the development of flagella was observed. In liquid medium, the vegetative bacteria showed cell separation at an earlier stage (120 min) of outgrowth and flagella were visible at this stage. These results suggested that cell separation and flagella formation were closely related events. The role of autolytic enzymes in cell separation and flagella formation in relation to spore outgrowth is discussed.
Morphological aspects of the outgrowth of Bacillus subtilis strain w23 from heat-activated spores were examined by scanning electron microscopy. After 60 min incubation at 37 "C on agar medium, cracks appeared on the spore shells at their equatorial position and vegetative bacteria emerged by breaking open the cracks. In the following 180 min, the bacteria continued to grow without cell separation or the formation of flagella, so that, at 240 min, long filamentous forms of the vegetative bacteria were seen. Cell separation occurred at 300 min and simultaneously the development of flagella was observed. In liquid medium, the vegetative bacteria showed cell separation at an earlier stage (120 min) of outgrowth and flagella were visible at this stage. These results suggested that cell separation and flagella formation were closely related events. The role of autolytic enzymes in cell separation and flagella formation in relation to spore outgrowth is discussed.
The process of spore outgrowth has been examined in several species of bacteria. However, very little information concerning the development of flagella during the outgrowth process has been reported. This is due mainly to limitations in morphological techniques available for observation of flagella development in bacteria. The light microscope cannot resolve flagella filaments unless complicated staining methods are used. The thin-sectioning technique is not effective in revealing flagella filaments developed on bacterial surfaces. Only the shadowing technique can reveal flagella, but efficient experiments on time-dependent development of flagella are difficult to perform with this technique.
During outgrowth of Bacillus subtilis the vegetative cell of the bacterium emerges from the spore coat by rupturing it at an equatorial position (Strange & Hunter, 1969) . Pearce & Powell (1951) showed that the motility of emerged bacteria became evident 4 to 5 h after outgrowth on agar, whereas Strange & Hunter (1969) reported that many cells were motile at 90 min when outgrowth occurred in broth. The difference in the time when bacteria became motile seemed to depend on the different culture conditions employed.
Scanning electron microscopy can reveal three-dimensional orientations of bacteria. Using this technique the time at which flagella formation occurs can be determined. In this paper we report the results of scanning electron microscopic observations on the outgrowth process of Bacillus subtilis.
M E T H O D S
Bacterial strain. Bacillus subtilis strain w23 was obtained from Dr Horiuchi, Department of Microbiology, School of Pharmaceutical Science, Kyushu University, Fukuoka, Japan.
Collection ofspores. Strain w23 was cultured at 37 "C in Schaeffer's medium of the following composition (Van Iterson & Aten, 1976): nutrient broth (Difco), 8 g; MgS04.7Hz0, 0.25 g; KCl, 1 g ; MnCI,.4H20, IP: 54.70.40.11
On: Mon, 31 Dec 2018 14:28:43 216 A. UMEDA A N D K . AMAKO 0.198 g; FeSO,. 7H20, 0.2 mg; Ca(NO,), . 4H20, 0.236 g; distilled water, 1 1. After 24 h incubation, bacteria were stained and examined by light microscopy to determine the degree of sporulation. When most of the bacteria (over 80 %) had sporulated, they were collected by centrifugation and treated with lysozyme (500 pg ml-l, six times crystallized; Seikagaku Kogyo Co., Tokyo, Japan) to remove bacterial debris. Spores were suspended in distilled water and stored at 4 "C. Before use the spore suspension was heated at 60 "C for 60 min in a water bath to activate the germination process.
Electron microscopy. For scanning electron microscopy, spores were incubated on a small agar chip prepared on a glass-fibre filter . The outline of the method was as follows. A glassfibre filter (Whatman GF/F) was cut into small squares (0.5 x 0.5 cm), and a drop of melted nutrient agar was placed on each filter chip. Most of the agar medium diffused into the filter and solidified leaving a thin agar layer on the surface. A loopful of the heat-activated spore suspension was placed on the agar surface. Five or six such filter chips were placed on a nutrient agar plate and incubated at 37 "C. At various times during incubation a chip was withdrawn from the plate and processed for scanning electron microscopy. To observe spore outgrowth in liquid media, the heat-activated spores were cultured in nutrient broth with continuous shaking at 37 "C. After 120 min, a sample of the culture was transferred to a filter chip with a Pasteur pipette.
Fixationwaswith 1 % (v/v) glutaraldehyde in 0.1 5 M-sodium cacodylate buffer, dehydration was in an acetone series and drying was by the critical point method. The specimens were coated with a thin layer of gold/ palladium with a rotary shadowing device to improve surface conductivity. Specimens were examined in a Hitachi HFS-2 field emission type scanning electron microscope operated at 25 kV.
For thin sectioning, the activated spore suspension was spread on an agar plate and incubated at 37 "C for 120 min. The spores were then collected from the plate into a centrifuge tube and fixed with OsO, (Ryter et al., 1958) . Thin sections were made and examined in a Hitachi HU-12A electron microscope at 75 kV.
RESULTS A N D DISCUSSION
The scanning electron micrograph of a heat-activated spore of B. subtilis strain w23 (Fig. 1) showed an oval shape with a relatively smooth surface. However, in well-resolved micrographs many fine striations were detected on the spore surface; these may represent appendages of the spore. The sequential morphological changes during spore outgrowth were observed by taking specimens at various times during incubation.
After 60 min, a crack appeared on the spore coat (Fig. 2) . On most spores it ran tangentially to the long axis of the spore, but on a few it was oblique to the axis. By 120 min, a vegetative bacterium had emerged from the spore coat by widening the crack and had commenced growth (Figs 3 and 4) . The growth of the bacterium continued for the next 120 min without cell separation, giving an extremely long filament (Fig. 7) . During this growth period, the bacterium usually retained the empty shell of the spore coat at one end of the filament (Fig. 5 ) or at both ends when the spore coat was broken into two pieces (Fig. 6) . No flagella were observed by 240 rnin (Figs 2 to 7) . The method of fixation and dehydration employed in this experiment preserves bacterial flagella attached on a cell surface (Matsuguchi et al., 1977) . In addition, we manipulated specimens with special care so as not to disrupt any flagella filaments by mechanical forces.
After 300 min, the organisms had separated into short rods and each cell had flagella (Fig. 8) . Cell separation occurred in almost all the filaments within a relatively short period in the growth cycle (within 60 min). These observations suggested that cell separation and flagella formation are closely related events.
The thin-sectioned profile of the bacteria made at 120 rnin after the start of incubation showed that the septa1 walls had formed at an earlier stage of outgrowth (Fig. 10) . Close examination of the long filament formed at 240 rnin (Fig. 7) revealed the presence of constrictions on the cell surface at regular intervals indicating the formation of the cross-walls. Some 14 or 15 such constrictions were counted on a filament and this suggested that the filament was a 15-or 16-membered chain of bacteria. Filament formation was observed only in spores grown on agar, not in spores cultured in liquid medium. The micrograph of the spores cultured in nutrient broth for 120 min (Fig. 9) showed that the bacterium which had emerged from the spore had flagella and a septum.
Spore outgrowth of Bacillus subtilis
All bar markers represent 1 ,um. Fig. 1 . Scanning electron micrograph of a spore of B. suhtilis strain w23 soon after heat activation at 60 "C for 60 min; the spore surface is covered with fine striations which might be appendages of the spore. Fig. 2 . Spore cultured on nutrient agar at 37 "C for 60 min; a crack can be seen in an equatorial position. Fig. 3 . After 80 min on an agar surface; the vegetative bacterium has started to emerge from the spore shell by breaking open the crack. 
Bar markers represent 10 ,um in Fig. 7 and 1 pm in Figs 8 and 9 . Fig. 7 . After 240 min on an agar surfacc; the vegetative bacterium has formed an extremely long filament with an empty spore shell at one end. No flagella and no separation can be seen, but there are 14 or 15 constrictions on the filament at regular intervals, suggesting the occurrence of septation. Fig. 8 . After 300 min on an agar surface; the filamentous form of the vegetative bacterium has begun to separate into short rod forms and many flagella can be seen on the bacterial surface. The arrangement of the bacteria is disordered due to the motility of the individual bacteria on the agar surface. Fig. 9 . Strain w23 cultured in liquid medium for 120 min; the emerged bacteria have already separated and have flagella. Our observations confirm those of Pearce & Powell (1951) that the emerged cells of B. subtilis on an agar plate were not motile until 4 to 5 h after the start of incubation and also the report of Strange & Hunter (1969) that the spores grown in broth were motile at an early stage. The observed differences in motility correlate with differences in the time of flagella formation. The reasons for the differences in these morphological patterns of outgrowth of B. subtilis are not clear. Recently, Fein (1979) reported the coupled events of cell separation and flagella formation in some mutant strains of Bacillus species deficient in autolytic enzymes. He suggested that enzymes might make pores on the cell wall for anchoring the flagellar hook. In our experiments both the development of flagella and the growth of bacteria, especially their separation, were closely related events. Cell separation was greatly enhanced in bacteria cultured in broth rather than on nutrient agar. We assume that during outgrowth of the spore the genes for autolytic enzymes might be more rapidly derepressed in well-nourished cultures than in stationary cultured bacteria. The autolytic enzymes thus synthesized might play an essential role in cutting the cell envelope at the cross-wall region resulting in the separation of daughter cells and simultaneously act in the morphogenesis of the flagellar filament by processing the cell wall.
